Our objective was to determine the effects of rate of gain and body bod y weight (MV) oil of the nlalnhllarv parencli ma. Mammary tissue samples were collected from heifers (n = 72) reared oil of 2 dietary treatments (restricted. 650 g/d of dail y gain: or elevated. 950 g/cl of daily gain) and slaughtered at 100, 150. 200, 250 7 300. or 350 kg of MV. Mammary samples were excised, preserved, prepared for histology, and stained wit Ii liematoxvlm and eosiii. Digital images of tissue sections were captured for analsis. Tissue areas occupied by the interlobular and mtralobular strouia. epithelium. and lumen were measured ( 1112) The numbers of epithelial and lunnual structures per image were tabulated to measure the complexity of ductal development. Mean percentages of ma.imnarv parenchmynia occupied by the interlobular stronia, epithelium, lumen. and intralohular stroma. were 29. 20. 7, and 43. respectively. Percentage of area occupied by the intra.lobular stroma was affected by BW and was lower for 100-kg heifers compared with heifers 200 kg and heavier (33 + 4 vs. 46 ± 4), but the percentage of area occupied by other tissue elements did not differ by BW or treatment, nor was there an interaction. However, the numbers of both epithelial (8.3 ± 4 vs. 47 + 1) and luminal-containing (6 ± 4 vs. 38 + 4) structures per iii lage increased markedly between 100 and 350 kg of MV. irrespective of diet. For heifers slaughtered between 100 and 350 kg of B\V, alterations iii the rate of gain between 650 and 950 g/d. accomplished by feeding varying amounts of the same diet.. had 110 significant effect on tissue characteristics or the pattern of mammary parenchymal development. These data emphasize the importance of BW and age iii determining developn'ment.a.l characteristics of the heifer mammar y parenchynia and suggest that the rate of gain per se has a minimal impact oil development., and thus do not ('rruapandiug author: ima'Ovt.cdu support the hypothesis that rate of gain has a direct negative impact oil development..
INTRODUCTION
Nutrition is an important factor that influences peripubertal heifer mammary growth. Dairy producers, to lower (lie age at first calving and the period of nonproductive life of their replacement animals, often maintain replacement heifers oil diets (BW gains >700 g/d) (luring time prepiml.)cmtal period. This practice. although known to increase rates of skeletal and B\V growth, i'na.v reduce development of the mauinmary ductal epithelium (Sejrsen and Pt trill) . 1997). With dinunislied developmmient of the ductal epithelium. reductions in secretor y tissue development and milk yield call occur (Swanson. 1960; Little and Kay, 1979: Sejrsen et al.. 2000) . This is because the inammar secret.ory epithiehiun (alveoli), which develops during gestation, depends oil that have developed in earlier life. Thus, tIme peripuhertal period has often been characterized as a critical period for the early nma.mmary (levelopmnent of dairy heifers. Nonetheless. the inipact of nutrition on prepubertal mammary growth and future milk production remna.ius controversial (Capuco et al., 2003 : Me yer et al., 2006a . In part. this is because of interacting factors. For example, if animals are compared at equivalent B\V. then animmials that are reared with greater rates of gain inherently are younger at the time of sample collection. If a.niniahs are compared at equivalent ages, therm BW of animals reared for slower rates of gain are reduced. In addition, addition, questions related to the effect of diet composition on manmmnarv development can he niore readily evaluated if the diets being compared can he formulated to yield equal rates of gain.
Time evaluation of histological features has been long-stamidimig technique used by many in the field of mnammai' y biology to study tissue growth and developmm tent. under both normal and experimental conditions. The imse of histological observations to demonstrate changes iii the nialiunary (levelopnlellt of ruminants has a long history (Turner, 1952 : Wallace, 1953 . We sought to determine the effects of rate of gaul and B\V on histological development of the mammary gland in Holstein heifers by measuring tissue areas occupied by epitlielial cells, the ductal lumirial area, and the inti'aand interlobular connective tissues. We sought to evaluate the complexity of ductal development by tabulating the number of epithelial structures and the number of lumen-containing structures per histological illiage. We reasoned that mammary ducts with many budlike branches, when sectioned, would exhibit. multiple 'epithelial islands" within the image. Sinularly, increased nuiribers of lumen-containing structures within an image would indicate the development of progressively more complex structures. Our hypothesis was that rearing heifers for a rapid rate of gain would impair inanunary ductal development and that this impairment would be evident in these animals, which would have a reduced tissue area occupied by epithelial cells or a correspondingly greater stromal tissue area, or both. We hypothesized that rapid rearing would impair mainmary ductal development so that these animals would exhibit fewer ducts as well as less complex ducts (e.g.. fewer branches). This would he expressed by images of tissues from these heifers exhibiting fewer epithelial structures, lumen-containing structures, or both.
MATERIALS AND METHODS

Animals and Treatments
The tissue samples used were from animals that were purchased within 1 wk of age from commercial dairy farms surrounding Ithaca. New York, and processed at Cornell University, as reported ill previous papers by Meyer et al. (2006a,h) . Briefly, heifers (n = 78) were randoinl assigned to 1 of 2 dietary treatments [restricted (R), ni = 36: or elevated (E), ii = 36]. or a baseline group (6 heifers, 45 kg of BW). Within treatnients, equal numbers of heifers were randomly assigned to each of 6 slaughter weights (100, 150. 200, 250 . 300, or 350 kg of 13W). Six heifers per dietary treatment were slaughtered at each time point, for a total of 78 heifers (including the baseline group). Tissues from the baseline animals were not available for histological evaluation. The specific slaughter weights given above were chosen to represent periods when the niarriniary gland transitions from isometric to allometric growth, as well as periods within the alloiiietric growth phase. This was based on the temporal pattern of mammary development reported by Sinha and Tucker (1969) .
Heifers on the R-gain dietary treatment were fed a preweamnng diet that coiisist.ed of a 22% CP and 21% fat (DM basis) milk replacer that was fed at 0.20 Meal of gross energy/kg of BW°"'. Heifers on the E-gain dietary treatment were fed a preweamng diet that consisted of a 29% Cl' and 19% fat (DM basis) milk replacer that was fed at 0.32 Meal of gross energy/kg of BW. A 27% CP calf starter was offered to animals beginning at approximately 3 wk on the study. Heifers were weighed weekly, and the amount of feed offered was adjusted so that heifers on the R treatment could achieve 650 g of ADG and heifers on the E treat iuent could achieve 950 g of ADG. From the initiation of treatment to 150 kg, heifers were housed in individual pens in the Teaching and Research Dairy Center Greenhouse at Cornell University. On reaching 150 kg, hieifers that were assigned to heavier slaughter weights were grouped in 1 pen and individually fed via a Calan gate system (American Cahari. Northwoocl. NH). Other details related to feeding and rearing are available in Meyer et al. (2006a) .
Once heifers that were assigned to slaughter weights >250 kg reached 225 kg of BW, blood was collected twice weekly via jugular venipumictimrc, and plasma progesterone concentrations were determined. Progesterone concentrations >1 ng/mL were interpreted as evidence of a functional corpus luteuni and the heifem' was therefore considered pubertal. For heifirs slaughtered after puberty. progesterone was evaluated to determine that these heifers were in the limtea.] phase of the estrous cycle at, the time of sampling.
Slaughter Procedure and Mammary Tissue Collection
Heifers were weighed weekl y to monitor target rates of gain. The decision to slaughter at a common BW, as opposed to a common age. was based on observations that puberty is more closely associated with BW than with a specific age (Sejrsen, 1994) . Pubertal heifers were slaughtered in the luteal phase of their reproductive cycle, based on plasma progesterone concentrations.
Humane slaughter of each heifer was performed at the Department of Amnmnal Science Abattoir at Cornell University with a captive bolt stunnem', followed by exsanguination. At slaughter, the udder of each heifer was removed and bisected along the medial suspensory liga.iiiemut.. Tissues harvested from time mnidparemichvmnal region of 1 side of tile udder were preserved and embed-(led iii paraffin.
General Staining Procedures for Microscope Slides
J\1icro ..o Pe slides were prepared by slicing 5-11,111-thick sections from the paraffin-embedded tissue blocks with a microtome (Reichert-Jung Model 2040 Autocut, Lecia. Microsy stems, Wetzlar. Gem'niamiy). and 4 or 5 serial tissue sections froin each sample were mounted oil a microscope slide. Slides were stained according to the method of Brown et al. (2005) . Briefly, tissue sections were deparaffinized, hydrated, stained with hematoxlin and eosin (Sigma Aldrich Chemical Co., St. Louis. MO). and deh ydrated, and a coverslip was placed on the tissue.
Digital Image Acquisition and Area Measurements
Hematoxy lin and eosin-stained images of mammary tissue were captured with a top-mounted digital microscope camera (Olympus DP1O, Opelco, Dulles, VA) under lOx magnification. Each image was centered in an area predominantly occupied by epithelial (vs. stroinal) cells. Three pictures were taken at random locations within each tissue section on the microscope slide for each heifer. Digital images were transferred to a computer and stored for subsequent analysis.
All measurements were made by using a digital image analysis program (Image-Pro Plus Version 4.5 for Windows. Media Cybernetics Inc.. Silver Spring. MD). Images of a stage micrometer were taken and used to calibrate the measurement tools used as part of the software package. Each of our lOx magnification images encompassed an area of 871,820 m 2 . After pilot testing determined that. variation among independent images of each tissue sample were niirunial. 1 of the images froni each heifer was chosen at random for further analysis. Total areas occupied by the interlobular stroma.. epithelium. lumen, and intralohular stromna were determined for each image. This was achieved by using the computer inouse to outline desired structural features. The computer program recorded the area (in pin 2 ) for each structure that was outlined: these measurements were then exported to a Microsoft Excel (Microsoft Corporation. Redmond. WA) spreadsheet, where total areas for each mainmarparenchymal component were calculated via summation. The total area occupied Iw intralobular stronia was calculated by subtracting the total areas occupied by the interlobular stroma. epithelium, and lumen froin the total area (871,820 n12). To evaluate the complexity of ductal development. (i.e., degree of ductal branching), the numbers of epithelial and luininal structures in each image were tabulated and recorded.
Statistical Analyses
The main effects of diet and slaughter weight. as well as the interaction between the two were tested by using the GLM procedure (Version 8.0. SAS Institute Inc.. Cary, NC). The total area occupied by the interlobular stronia. epithelium. lumen, and intralobular stroma. and the numbers of epitlielia.l and luminal structures present were used as dependent variables. Diet was either R or E, and target slaughter weights were 100, 150, 200, 250 300, or 350 kg.
The following model statement was used: Y ijk = i + D + W + (DW) + E (I)k , where Yijk are the dependent variables, area or percentage of tissue type: [i is the overall mean: D i is the fixed effect of diet (R vs. E, i = 1, 2): W is the fixed effect of target weight (j = 1, 6) DW is the effect of the interaction of diet and target weight; arid E ()k is the residual error (k = 1, 6 heifers within a subclass).
Results are presented as least squares means ± standard errors of the means. Differences were considered significant at P < 0.05; trends were declared at P < 0.10. Orthogonal pol nomnial contrasts were used to test for linearity in the response of dependent variables to BW. A inultivariate ANOVA was conducted to test a vector of all tissue types simultaneously. This was to determine whether the profile of tissue areas (percentages of interlobular stroma, epithelium, lumen, and intralobular stroma) differed by diet, or slaughter weight. The dependent variable 'total area occupied by the lumen" was removed from the model statenient for mnultivariat.e ANOVA because all tissue areas totaled 100'. Dietary treatment, heifer slaughter BW. and the interaction of dietary treatment with heifer slaughter BW were tested for all tissue characteristics simultaneouslv.
RESULTS
Actual slaughter weights of the animals and actual daily gains of the animals are discussed in detail b Meyer et al. (2006a,b) . The percentages of parenchymal area occupied b y the interlobular stroma. epitlieliuni. lumen. and intralobular st roma did not, significantly differ by BW or dietary treatment, nor was there all between dietar y treatment and BW for these variables (Table 1 ). In contrast, the area occupied by imit,ralohular stromna was lower in 100-and 150-kg heifers compared with heavier lieifrrs (33.1 + 2.4 and 40.3 + 3.0 vs. 45.1 ± 0.9) but was unaffected by dietary treatment. Thus. clusters of ducts were more closely arranged within individual lobules. In the multivariate ANO'VA, except for intralobular stroma, there were 110 overall effects of dietary treatment. heifer BW, or the interaction between dietary treatment and BW oil the array of tissue percentages measured. Overall. the mean percentages of inarninary parenchyma occupied 1w the interlobular stronia, epithelium. lumen, and intralobular stromna were 29. 20. 7, and 43%. respectively. .s. nient (Figure 2 ). There were a trend (P < 0.10) for different numbers of epithelial and lurninal structures per field in R.-group heifers (Figure 3 ). The numbers of epithelial and luininal structures increased linearly with increased heifer BW (P < 0.001, P < 0.001. respectively; Figure 4 ).
DISCUSSION
The study demonstrated that for heifers slaughtered between 100 and 350 kg of BW, alterations in the rate of gain between 650 and 950 g/d, accomplished b y feeding varying amounts of the same diet, had no significant effect on tissue characteristics or the complexity of mammary parenchymal development. It is important to appreciate that histological evaluations did not measure total mammar y ductal development in the udder, but more specifically characterized the degree and pattern of ductal development. Nevertheless, there was no effect of rate of gain on various measures of mammary parenchymal growth or biochemical composition of the mammary parenchyma in these heifers when age was taken into account in analysis of the data (Meyer et al.. 2006a . h). Table 1 . Histological components of heifer mamii,arv parenchyma for animals fed 1 of 2 diets and sacrificed at 1 of 6 B\V BW.' kg 100 (n = 6, 6)' 150 (n = 5. 3) 200 (n = 6, 6) 250 (n = 6. 6) 300 (n = 5. 5) 350 (n = 6, 6) Diet totals' Overall means" 
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By comparison, it is important to consider results from the limited number of experiments that have evaluated the impact of prepubertal nutrition on the histology of maininarY gland development. Capuco et al. (1995) evaluated the impact of corn silage and alfalfa silage (bets fed to achieve targeted rates of gain of 750 or 1,000 g/d. A high rate of gain reduced mammary parenchynìa at puberty only in heifers fed the corn silage diet. Furthermore, histological evaluation indicated that the percentage of parenchymal area occupied by the epitheliuni was reduced and the area occupied by aclipocytes (primarily interlobular stroma) was conconutantly increased in heifers on the high-corn diet Increased adiposity of the parenchyma was associated with decreased epithelium. but data suggested that the effect was not an inhibition of the primary ducts. but of the extent of ductal branching. This suggests the importance of diet composition, perhaps independent of rate of gain.
By contrast. Sejrsen et al. (1982) found that pre-and postpubertal Holstein heifers fed appropriate quantities of the same ration achieved desired rates of gain. Heifers in the R group gained 613 g/d. and the ADG for heifers with ad libitum access access was 1,218 g/d. Rate of gain (lid not affect the percentage of parenchyma occupied by epithelial cells, connective tissue, adipocytes, or ductal lumen iii either pre-or postpubertal heifers. This was despite an apparent inhibition of mammary parenchymal mass when assessed at a common B\V but at a different age. However. this stud y (lid not evaluate the characteristics of ductal development.
In an experiment designed to evaluate the impact of nutrition during 2 periods of early mammary development in heifers (2 to 8 wk of age and 8 to 14 wk of age). Brown et al. (2005) concluded that the feeding amount did not significantly affect the percentage of epithelial tissue in mammary parencliyma. Nevertheless, dietary treatment may have induced both obvious (mass and DNA) and subtle changes (altered ductal branching or extracelhular matrix deposition) in the tissue. Increasing energy and protein intake from 2 to 8 wk of age increased mammary parenchymal growth (mass and DNA), whereas increased nutrition from 8 to 14 wk of age did not influence mammary parenchymal growth. but promoted deposition of fat within the parenchyma and the mammary fat pad. Although parenchymal growth was promoted by increased nutrition at 2 to 8 wk. the treatment appeared to enhance the development of more mature ducts (larger lumens) Sc) that proliferation of this epithelium (assessed (assessed by Ki67 labeling) may have been reduced during subsequent development.
Across all treatments. Brown et al. (2005) determined mammary parenchymal composition b y tissue area as approximately 20 e A epithelium. 8% lumen. and 72% inter-ama! intralobular stroma. These values are supported by those reported in the present experiment. Similarly. Capuco et al. (1995) reported 19% epithelium. 48% connective tissue, and 33% adipocytes for heifers in all treatments, with the exception of those on the high-gain corn silage treatment, in which heifers exhibited inhibited parenchymal growth and averaged 12% epithelium, 37% connective tissue, and 51% adipocytes. Sejrsen et a] . (1982) reported that at the end of the allomnet nc mammary growth phase (approximately 250 to 280 kg of B\V). Holstein heifer mammary parenchvma contained approximately 10% epithelial cells, 50% connective tissue, 30 to 40% adipocytes, and 2 to 3% ductal lumen. Data for the current experiment provide the strongest developmental evidence to (late that rate of gain per se does not influence the nature of mammary parenchymal growth. However, the data of Capuco et al (1995) suggest that diets that promote excessive body and mammary fat deposition may inhibit mammary parenchymal growth and thereby alter ductal architecture.
Overall, the E rate of BW gain imposed in the current experiment had no apparent deleterious effects on growth or composition of the mammary parenchyma. Meyer et al. (2006b) previously reported on differences in the proportions of mammary epithelial cells actively dividing, attributable to dietary treatment or heifers with BW greater than 100 kg, or both. Based on the experiments conducted thus far with mammary tissues from this specific group of heifers (Meyer et al., 2006b) , there were neither ill effects nor advantageous biological effects of maintaining heifers on an elevated lifetime plane of nutrition (target lifetime BW gain of 950 g/d). Data for the present study lead us to speculate that many reported rate of gain effects on peripubertal mammary gland development might often be attributed to experimental designs that elicited treatment effects that result from comparing heifers of different ages and hence different stages of mammary development. Nonetheless, it is important to appreciate that there are likely nutritionally mediated effects that can dramatically affect heifer mammary development and that these responses could likely interact in unexpected ways with other management factors. Thus, these results must be viewed within the confines of this experimental design (i.e.. feeding different amounts of the same diet to achieve different rates of gain).
Diets that would differentially affect secretion of mnamnmogenic hormones (growth hormone or estrogen) or local mammary tissue expression of mammnogenic hormones and growth factors or their receptors would be expected to alter mammary development. Thus, particular caution is necessary when differences in rate of gain are achieved by feeding diets with different compositions. Certainly, dietary treatments that influence ovarian or pituitary function are likely to affect mammary development. Clearly, mammary cells of prepubertal ruminants are sensitive to estrogen. progesterone, growth hormone, and other mammogenic agents (McFadden et al., 1990; Woodward et al., 1993; Maple et al., 1998) . Even with an equal proliferation rate, accelerated heifer growth rates may ultimately reduce mammary development at the conclusion of the allometric phase of prepubertal development because of earlier puberty and a shortening of the period of allometric mammary growth. A key issue is whether a decrease in mammary parench y mal mass is permanent. In the present study, the number of epithelial and luminal structures present in the mammary parenchyma increased with increasing BW (Figures 2 and 4) . These measurements are believed to be indicators of mannmary parenchymal tissue complexity. For example. with increasing BW (maturity), there is undoubtedl y more side-branching of mammary ducts to create the ductal tree" of the niaminarv epithelium that will eventually give rise to alveoli. As the mammary epithelial tissue expands via ductal branching and elongation from the gland cistern to the more dorsal fat pad. the surrounding stroma (which includes the fibroblasts. adipocytes, endothelial cells, and extracellular matrix components) must be remodeled. A future developmental evaluation of extracellular matrix protein deposition in heifers in the present study would provide valuable information regarding ductal elongation and branching.
In summary, we found no histological differences in mammary parenchymal composition in tissues taken from Holstein heifers reared on 1 of 2 planes of nutrition and slaughtered at varying BW. These findings support the previously reported absence of effects on mammary epithelial cell proliferation and mammar y parenchymal DNA accretion mates iii these heifers. g/d, accomplished by feeding varying amounts of the same diet. had no effect on the complexity of mammary parenchymal development. Our hypothesis, that rapid rate of gain per se would impair either the degree or complexity of ductal development, was not supported by the data.
CONCLUSIONS
